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Abstract
The proton-pumping NADH:ubiquinone oxidoreductase is the first of the respiratory chain complexes in many bacteria
and mitochondria of most eukaryotes. The bacterial complex consists of 14 different subunits. Seven peripheral subunits bear
all known redox groups of complex I, namely one FMN and five EPR-detectable iron-sulfur (FeS) clusters. The remaining
seven subunits are hydrophobic proteins predicted to fold into 54 K-helices across the membrane. Little is known about their
function, but they are most likely involved in proton translocation. The mitochondrial complex contains in addition to the
homologues of these 14 subunits at least 29 additional proteins that do not directly participate in electron transfer and proton
translocation. A novel redox group has been detected in the Neurospora crassa complex, in an amphipathic fragment of the
Escherichia coli complex I and in a related hydrogenase and ferredoxin by means of UV/Vis spectroscopy. This group is made
up by the two tetranuclear FeS clusters located on NuoI (the bovine TYKY) which have not been detected by EPR
spectroscopy yet. Furthermore, we present evidence for the existence of a novel redox group located in the membrane arm of
the complex. Partly reduced complex I equilibrated to a redox potential of 3150 mV gives a UV/Vis redox difference
spectrum that cannot be attributed to the known cofactors. Electrochemical titration of this absorption reveals a midpoint
potential of 380 mV. This group is believed to transfer electrons from the high potential FeS cluster to ubiquinone. ß 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction
The proton-pumping NADH:ubiquinone oxidore-
ductase, also known as respiratory complex I, is the
main entrance for electrons into the respiratory
chains of many bacteria and mitochondria of most
eukaryotes. It couples the transfer of electrons from
NADH to ubiquinone with the translocation of pro-
tons across the membrane. The primary structures of
the complex I subunits from several proteobacteria,
Gram positive bacteria, members of the Thermus/De-
inococcus group, and from the genus Aquifex are
available now [1^9]. The bacterial complex I, in gen-
eral, is made up of 14 di¡erent subunits, representing
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a minimal structural form of a proton-pumping
NADH:ubiquinone oxidoreductase. In Escherichia
coli the genes of two subunits are fused to one
gene nuoCD [10]. The 14 subunits sum up to a mo-
lecular mass of approx. 530 kDa. Seven of them are
peripheral proteins including the subunits that bind
all known redox groups of complex I, namely one
FMN and ¢ve EPR-detectable iron-sulfur (FeS) clus-
ters. The remaining seven subunits are hydrophobic
proteins predicted to fold into 54 K-helices across the
membrane. Little is known about their function, but
they are most likely involved in quinone reduction
and proton translocation [11^14].
In addition to the homologues of the 14 bacterial
complex I subunits, the mitochondrial complex I of
eukaryotes contains up to 29 additional proteins.
They add up to a molecular mass of approx.
1 MDa. The homologues of the seven hydrophobic
bacterial subunits are mitochondrially encoded in all
eukaryotes [11^13]. The function of the additional
subunits in the mitochondrial complex I is not clear.
They are all nuclear-encoded and show a weak but
distinct sequence similarity between bovine and Neu-
rospora crassa. They might build a sca¡old around
the 14 minimal subunits preventing the high energy
electrons from escaping the complex and forming
reactive oxygen species [15]. Two of the additional
subunits appear to have a biosynthetic function [16].
One is an acyl carrier protein carrying a phospho-
pantethein group, the other is a 40 kDa subunit with
a tightly bound NADPH belonging to a heterogene-
ous family of reductases/isomerases [17].
The subunits of the mitochondrial as well as the
bacterial complex I are arranged in an ‘L-shaped’
overall structure [15,18,19]. One arm of the ‘L’ ex-
tends into the soluble phase, while the other arm is
embedded in the lipid bilayer. All known redox
groups are located in the peripheral arm which works
as an NADH dehydrogenase. This is accomplished
by the FMN and the isopotential FeS clusters N1a,
N1b, N3, N4, and N1c, the latter being present in
some organisms only [20]. The FeS cluster N2 is
located in the connection between the peripheral
and the membrane arm and has a pH-dependent
midpoint potential, which is higher than the one of
the other redox groups. No cofactor has so far been
described in the membrane arm which works as a
quinone reductase.
Here we present evidence for the existence of two
novel redox groups in complex I from N. crassa and
E. coli. One group is located in the peripheral arm
and consists of two tetranuclear FeS clusters, which
have not yet been detected by EPR spectroscopy.
The other group is most likely located in the mem-
brane arm of complex I and exhibits a midpoint
potential higher than all known redox groups of
complex I.
2. The FeS clusters on subunit NuoI
To analyze the UV/Vis spectra of redox compo-
nents of complex I we attempted to separate their
individual absorptions kinetically. Complex I was re-
duced by a 4-fold excess of NADH and the reoxida-
tion by oxygen was monitored UV/Vis-spectroscopi-
cally. Samples for EPR spectroscopy were withdrawn
at distinct times. The reoxidation of FMN and the
isopotential FeS clusters was so fast that it could not
be resolved, while cluster N2 stayed reduced for at
least 3 min. During the time in which all known
redox groups of complex I did not change their re-
dox states, a component with negative absorbances
at 325 and 425 nm in the redox di¡erence spectrum
was reoxidized (Fig. 1A). The chromophore giving
rise to these absorbances must therefore represent a
yet unknown redox group. The midpoint potential of
this redox group was determined by global analysis
of the UV/Vis di¡erence spectra at distinct poten-
tials. The titration revealed a pH-independent mid-
point potential of 3270 mV for one component that
transfers two electrons. In complex I from E. coli the
typical UV/Vis di¡erence spectrum of this redox
group is overlapped with the absorptions of the
FMN. However, we detected the same di¡erence
spectrum in the amphipathic connecting fragment
of this complex [3] which is devoid of FMN (Fig.
1B).
The E. coli connecting fragment is made up of the
subunits NuoB, CD, and I [10]. To determine which
of these subunits carries the novel redox group we
analyzed the redox di¡erence spectra of related hy-
drogenases. [NiFe] hydrogenases and complex I
share a common ancestor [20]. The Ech hydrogenase
from Methanosarcina barkeri, a membrane-bound
multisubunit [NiFe] hydrogenase, has been isolated
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to homogeneity [21]. It contains homologues to all
subunits of the connecting fragment of the E. coli
complex I and to two hydrophobic subunits [21].
The UV/Vis redox di¡erence spectrum of the novel
group is also obtained with the preparation of the
Ech hydrogenase. The soluble NAD-reducing hy-
drogenase from Ralstonia eutropha contains homo-
logues to all subunits of the connecting fragment
with the exception of NuoI [22]. The UV/Vis redox
di¡erence spectrum of this hydrogenase is devoid of
the absorbance of the novel redox group. These data
imply that the novel redox group in complex I is
located on NuoI and its homologues. The bovine
homologue is named TYKY.
NuoI belongs to the family of 8Fe-ferredoxins
containing two tetranuclear FeS clusters as only re-
dox groups [23]. We compared the UV/Vis reduced-
minus-oxidized di¡erence spectrum of the Clostridi-
um pasteurianum 8Fe-ferredoxin [24] with the one of
the novel group in complex I. Both spectra proved to
be identical (Fig. 1C). From these data we conclude
that the novel group detected in complex I is made
up of the two tetranuclear FeS clusters located on
subunit NuoI. These FeS clusters have not been de-
tected by EPR spectroscopy yet, most likely due to
spin-spin coupling or a higher ground state of the
clusters.
3. The yet unclassi¢ed redox group in the membrane
arm of complex I
The membrane arm of complex I should contain a
redox group with an intermediate redox potential to
maintain a reversible electron transport through the
complex. The midpoint potential gap between N2
and ubiquinone of 270 mV (for N. crassa) would
possibly render electron £ow irreversible. In E. coli
the magnitude of this midpoint potential gap de-
pends on the quinone used as electron acceptor
[25]. It varies between 330 mV, 260 mV, and 140
mV for ubiquinone, demethylmenaquinone and me-
naquinone, respectively. The E. coli complex I using
demethylmenaquinone as substrate spans roughly the
same redox potential di¡erence as calculated for N.
crassa.
First evidence for a novel redox group located in
the membrane arm of complex I has been obtained
by means of combined UV/Vis, EPR, and FT-IR
spectroscopy applied to complex I adjusted to se-
lected redox states. An E. coli complex I preparation
in dodecylmaltoside was reduced with a 5-fold molar
excess of NADH under anaerobic conditions while
UV/Vis spectra were continuously recorded. To ad-
just the reaction mixture to a low NADH to NAD
ratio, lactate dehydrogenase and pyruvate were
added [26]. The NADH was rapidly converted to
NAD within a few seconds, while reoxidation of
the reduced complex I took a few minutes. The ¢nal
redox potential determined by the applied pyruvate/
lactate ratio was calculated to be 3150 mV. The UV/
Vis spectrum of an early state when all NADH was
consumed but complex I was still largely reduced
minus the spectrum of completely oxidized complex
I is shown in Fig. 2A (black trace). The strong pos-
itive absorption of NAD at 260 nm dominates the
Fig. 1. (Reduced-minus-oxidized) UV/Vis di¡erence spectra of
complex I and an 8Fe-ferredoxin. Di¡erence spectra of (A)
1 WM N. crassa complex I reduced with 4 WM NADH after 40 s
exposure to air minus spectrum of completely air-oxidized com-
plex I, (B) 4 WM amphipathic fragment of the E. coli complex I
reduced with dithionite minus spectrum of air-oxidized frag-
ment, (C) 0.7 WM 8Fe-ferredoxin from C. pasteurianum ferre-
doxin electrochemically reduced minus electrochemically oxi-
dized. For a better comparison all enzyme concentrations were
adjusted to give a di¡erence absorption of 8 mM31 at 425 nm.
The absorption di¡erence at 600 nm is zero.
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far UV region. The redox di¡erence spectrum of
complex I is characterized by the presence of multi-
ple overlapping absorption bands in the range from
290 to 600 nm. An aliquot of the NADH reduced
reaction mixture was analyzed by EPR spectroscopy
(Fig. 2B, black trace). The signals of all known EPR-
detectable FeS clusters of complex I are detected [3].
The UV/Vis spectrum of complex I equilibrated to
3150 mV minus the spectrum of completely oxidized
complex I is also shown in Fig. 2A (grey trace).
Again, NAD leads to a positive absorption in the
UV region. The redox di¡erence spectrum of com-
plex I is characterized by a positive absorption band
around 300 nm and a very broad negative absorption
band around 425 nm. The positive peak at 300 nm is
also visible in the di¡erence spectrum of the reduced
complex (Fig. 2A, black trace) while the negative
absorption at 425 nm is strongly overlapped in this
spectrum. The EPR spectrum of complex I at 3150
mV shows that all EPR-detectable FeS clusters have
been reoxidized (Fig. 2B, grey trace). These data in-
dicate that the E. coli complex I contains a NADH-
reducible redox group with a midpoint potential
above 3150 mV. The midpoint potentials of the
FMN and the FeS clusters cover the range from
3370 to 3220 mV [3].
The midpoint potential of the NADH-reducible
redox group was determined by means of electro-
chemical titrations in an ultra-thin layer spectroelec-
trochemical cell [27,28]. The titration curve of the
absorption at 425 nm was ¢tted for one component
with a midpoint potential of 380 mV at pH 6 that
transfers two electrons. To obtain information about
Fig. 2. (Reduced-minus-oxidized) UV/Vis di¡erence spectra,
EPR spectra and (oxidized-minus-reduced) FT-IR di¡erence
spectra of E. coli complex I. (A) UV/Vis di¡erence spectra of
complex I after reduction with a 5-fold molar excess of NADH
minus the air-oxidized spectrum of the complex (black). All re-
dox groups of complex I are reduced. Di¡erence spectrum of
complex I partially reoxidized by means of the lactate dehydro-
genase reaction minus the air-oxidized spectrum of the complex
(grey). Only the proposed unknown redox group is partly re-
duced. The spectra were obtained from absolute spectra nor-
malized to an absorbance of 1.00 at 280 nm corresponding to
2 WM complex I. The assay was performed in 50 mM MES/
NaOH pH 6.0, 0.1% dodecyl maltoside, 50 mM NaCl and 0.5
mM sodium pyruvate. Complex I was reduced by addition of
1 Wl 7 mM NADH and reoxidized by addition of 1 Wl L-lactate
dehydrogenase (0.5 mg/ml). (B) EPR spectra of complex I ad-
justed to the di¡erent redox states as described in A. EPR mea-
surements were conducted with a Bruker EMX 1/6 spectrometer
operating at X-band. The sample temperature was 13 K and
the microwave power 2 mW. Other EPR conditions were: mi-
crowave frequency, 9.44 GHz; modulation amplitude, 6 mT;
time constant, 0.064 s; scan rate, 17.9 mT/min. (C) Electro-
chemically induced FT-IR di¡erence spectra of 200 WM com-
plex I in 50 mM MES/NaOH pH 6.0, 250 mM NaCl, 0.15%
dodecylmaltoside for the potential step from 3130 to 0 mV.
128 interferograms at 4 cm31 resolution were coadded for each
single beam IR spectrum and Fourier-transformed. Five di¡er-
ence spectra have been averaged.
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the chemical structure of this redox group we re-
corded electrochemically induced FT-IR di¡erence
spectra of the E. coli complex I adjusted to 3130
mV and to 0 mV (Fig. 2C). The potential step
from 3130 to 0 mV is not associated with redox
transition of any known cofactor in complex I. The
FT-IR redox di¡erence spectra show positive bands
at 1656 and 1638 cm31, which may be tentatively
assigned to C = O and C = C modes, respectively, or
to perturbations of the polypeptide backbone. The
assignment of this redox transition to a protein
bound ubiquinone is unlikely. The methoxy group
of ubiquinone shows absorptions at 1288, 1264
cm31 in the oxidized form [29]. These modes are
absent in Fig. 2C, except for a small mode at 1264
cm31 from the MES bu¡er [30]. The spectrum shows
prominent modes between 1165 and 1100 cm31,
which seem to be characteristic for this cofactor.
We conclude that there is a hitherto undetected
redox group which is reducible with NADH and
has a midpoint potential of 380 mV in the E. coli
complex I. Currently, we are studying the pH depen-
dence of the midpoint potential to ¢nd out whether
this group has the ability to be involved in proton
translocation. We speculate that this group may have
a quinoid structure and may represent a posttransla-
tional modi¢ed amino acid. It may be involved in
electron transfer from the FeS cluster N2 to ubiqui-
none.
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